lus properties (position, direction, etc.) and the sensory preferences (receptive field location, preferred direction, etc.) of the neuron (feature similarity gain model of attention; Treue and Martínez-Trujillo, 1999). While we view the modulation as acting on neurons rather than on the Julio C. effects of a bottom-up, sensory mechanism and a topmodulation of the firing rate of sensory neurons in down, cognitive mechanism could simply reflect the extrastriate visual cortex, an effect reminiscent of the similarity of two multiplicative mechanisms, or it could bottom-up effect of changes in stimulus contrast. This indicate that the two processes use common neural similarity could simply reflect the multiplicity of both hardware. In the latter case, attentional modulation effects. But, here we show that in direction-selective might not be independent of the sensory conditions, as neurons in monkey visual cortical area MT, stimulus the two signals would be combined and possibly beand attentional effects share a nonlinearity. These come indistinguishable. The most straightforward way to distinguish between posed that these attentional effects are best accounted these two possibilities experimentally is to present a for by a response gain change of neurons whose magnisingle stimulus inside the receptive field of the neuron tude reflects the similarity between the attended stimuunder study and compare the attentional modulation as a function of stimulus contrast when directing attention to the stimulus and when ignoring it. Such a design has 3 Correspondence: treue@gwdg.de
The most straightforward way to distinguish between posed that these attentional effects are best accounted these two possibilities experimentally is to present a for by a response gain change of neurons whose magnisingle stimulus inside the receptive field of the neuron tude reflects the similarity between the attended stimuunder study and compare the attentional modulation as a function of stimulus contrast when directing attention to the stimulus and when ignoring it. Such a design has is that when the cell reaches its maximal Trujillo, 1999) and introduced an additional stimulus into the receptive field that was always presented at full luminance and was the one the animal was instructed to attend to. For symmetry, a similar paired stimulus arrangement was used outside the receptive field (see Experimental Procedures and Figure 2 for details). Each pair consisted of two moving random dot patterns (RDP), the potential target moving in the cells' null direction ("null" pattern), and the distractor moving in the preferred direction ("preferred" pattern).
Results
We recorded the cells' responses to various luminance/ firing rate, a further increase in response by attention cannot be achieved. This argument is not applicable to the results reported here because in our experiments, t test) in the attending inside condition. Thus, spatial attention causes a change in the C50 value of MT units the effect of attention is a suppression of the response. Furthermore, it should be noted that the cells are capawithout significantly changing the other parameters of the CRF. ble of much higher firing rates if responses are not reduced by the presence of a null-direction pattern in the Figure 5A shows the two CRFs that were computed using the average parameters (see table insert) from the receptive field. For the unit in Figure 3A , the response to the preferred direction RDP alone was ‫55ف‬ spikes/s, sample. As an additional test of whether the data follow the predictions of the contrast gain model, we compared more than twice the maximal firing rate for the twopattern configuration ‫51ف(‬ spikes/s). For the cell shown the differences between the normalized population responses across the 34 cells in the two attentional condiin Figure 3B , the response to the preferred direction was about 40 spikes/s, while its maximal response to the tions for different levels of stimulus contrast. The response modulation should have been stronger for two-pattern configuration was about 25 spikes/s.
We applied the analysis demonstrated in Figure 3 Figure 5B). The normalized contrast values can also be converted into a percentage of the C50 value (lower than 0.8.
To quantify the differences between the CRF parameabscissa, Figure 5B ). In such a plot, the contrast gain model would create the largest differences in response ters in the two conditions, a modulation index MI ϭ (P AO Ϫ P AI )/(P AO ϩ P AI ) was computed with P AO and P AI between the two conditions at intermediate contrast values. To test this hypothesis, the normalized rereferring to the parameters of the attending outside and attending inside conditions, respectively. Figure 4 sponses for each condition were binned and averaged across units ( Figure 5B ). As predicted by the contrast shows the distribution of the indices. The distribution is significantly shifted from zero (only for C50), indicating gain model, the ratio between the normalized responses in the two conditions (solid gray line in Figure 5B ) peaks a significant increase in this parameter (p ϭ 0.03, paired provides a better fit to the data. The scatter plot in Figure  6B displays the goodness of fit values for the response gain model (abscissa) and the contrast gain model (ordinate) for the 34 units tested. The data points falling above the diagonal line (black circles) represent the cases that were better fitted by the contrast gain model (25 out of 34), and the ones falling below (empty circles) represent the cases in which the response gain model provided a better fit (9 out of 34). This shift was significant, i.e., the contrast gain model provides a better fit (p Ͻ 0.05, paired t test).
A prediction directly derived from this result is that for a given high-contrast unattended stimulus, the attentional suppression of MT cells' responses to it will be stronger for the less-sensitive cells (cells with a higher C50). The most-sensitive neurons (low C50) should be less suppressed by attention because they have already reached the maximal response for that stimulus. Such an effect might account for some of the different amounts of attentional modulation observed within and between studies each using stimuli of different and nonvariable contrast. To evaluate this possibility, we determined the correlation between the C50 values and the attentional suppression at maximal contrast for the 34 units included in the previous analysis. While there was expected if the multiplicative effect of attentional modulation acted directly on the firing rate of the neurons we An additional way to corroborate this result is by directly comparing the goodness of fit of the contrast recorded from (response gain model, see Figure 1A ). Rather, it can be accounted for by an attentional influgain and the response gain models to the data. For this purpose, we used the parameters of the CRF fitted ence that acts differentially on the gain of the various inputs converging on a given MT cell or even already through the attending outside condition data for each of the 34 units used in the previous analysis. We then on the firing rates of the neurons providing the input to MT (contrast gain model, see Figure 1B ). V1 provides introduced a single free parameter (N) to either multiply contrast (contrast gain model, equation 1 in Figure 6 ) a major direct sensory input to MT. Since attentional modulation in V1 seems to be weaker than in later areas or to multiply the overall response (response gain model, equation 2 in Figure 6 ). We fitted the data from the of the visual cortex, the attentional effects observed in MT might result from the modulation of input gain. The attending inside condition with the two models and determined the goodness of fit of each model by computeffect of this influence is similar to a change in the contrast of the stimulus and raises the interesting issue of ing a correlation coefficient between the data and the values predicted by the model. whether and how the two can be disentangled perceptually. In this context, it should be noted that it has been Figure 6A shows This likely explains the weaker attentional modulations neuron's preferred direction, but it will be modulated observed in studies that present just one stimulus inside more strongly if the response was caused by a lowthe receptive field compared to studies that switch atcontrast stimulus moving in a direction closer to the tention between two stimuli inside the receptive field preferred direction. and, therefore, combine the attentional enhancement of In summary, our results should provide powerful conthe attended stimulus with the attentional suppression straints for mechanistic models of attentional modulaof the unattended stimulus in a push-pull fashion. The tion and for the location where attentional modulation attentional suppression of unattended stimuli allows the can be inserted into existing models of sensory informavisual system to achieve a response modulation, even tion processing in the visual cortex. The data also sugin the presence of high-contrast target stimuli, that gest that behaviorally, attention should interact with brings the subpopulation of input neurons encoding stimulus saliency while leaving other perceived stimulus them close to saturation. An attentional enhancement properties relatively unchanged. of only the attended stimulus' representation would pre- 
